Equal channel angular pressing (ECAP) and high pressure torsion (HPT) are the most promising severe plastic deformation (SPD) methods. Both methods impose very high strains, leading to extreme work hardening and microstructural refinement. In this paper, billets of Al-1080 were successfully processed by ECAP conducted for up to 10 passes, HPT at an applied pressure of 8 GPa for 5 revolutions, and a combination of ECAP and HPT (ECAP + HPT) at room temperature. The effects of the different SPD processes (ECAP, HPT, and ECAP + HPT) on the evolution of the microstructure and mechanical properties of Al-1080 were investigated. The HPT and ECAP + HPT processes were observed to produce finer grain sizes with greater fractions of high angle grain boundaries (HAGBs) than the ECAP alone. Although the grain sizes after HPT and ECAP + HPT were similar, the ECAP + HPT sample had more dislocations than the HPT sample. HPT after ECAP enhanced the mechanical properties (hardness, tensile strength, and ductility) of the ECAP-processed Al-1080, showing larger dimple size in the tensile fracture surfaces.
I. INTRODUCTION
METALLIC materials with a nanometer or submicrometer grain size have received much attention in the past decade because of their unique mechanical and physical properties and high performance. [1] Severe plastic deformation (SPD) is one of the most promising techniques for producing ultrafine-grained (UFG) or nanocrystalline (NC) materials. Equal channel angular pressing (ECAP) [2] [3] [4] [5] [6] and high pressure torsion (HPT) [7] [8] [9] [10] are two of the most widely applied processes among various SPD processes. [11] [12] [13] [14] The principles of ECAP and HPT have been discussed in detail in previous works.
[ [11] [12] [13] Furthermore, numerical simulations of both SPD processes have been performed successfully using the finite element method (FEM). [15, 16] Recently, applications of ECAP or HPT have been performed to investigate the microstructure and mechanical properties of commercially pure Ti, high purity Ni, and pure Cu. [17] [18] [19] [20] [21] It was observed that HPT processing of the ECAP-processed sample produces more refined microstructures in Ti and Ni. [17] [18] [19] [20] Recently, Lugo et al. [21] reported that Cu processed by combined ECAP + HPT shows a significant increase in grain size due to the effect of heat generation during the HPT process and improved tensile strength. On the other hand, the most homogeneous grain size distribution was observed in the ECAP + HPT-processed specimen.
Al and its alloys are used widely in the automotive and aircraft industries due to their light weight. [22, 23] The production of Al and Al alloys with UFG microstructures, which lead to significant improvement in the mechanical properties, has been an important focus of research in the structural material community. Previous works have investigated the effects of plastic deformation with use of only the ECAP or HPT process on the evolution of microstructure and on the mechanical properties of Al and its alloys. [24] [25] [26] [27] [28] [29] However, there have not been further investigations on the effects of a combination of ECAP and HPT on the evolution of the microstructure and on the mechanical properties of Al and its alloys.
The present research was performed in order to investigate the effect of different SPD (ECAP, HPT, and ECAP + HPT) processes on the evolution of the microstructure and on the mechanical properties of Al-1080.
II. EXPERIMENTAL
Al-1080 ingots with an initial grain size of 470 ± 2 lm and a chemical composition as indicated in Table I were used in the present study. The Al-1080 ingots were machined to cylinders of 15 mm diameter and 80 mm length for ECAP. Split die ECAP was performed and repeated. [30] The die has a diameter of 15 mm, inner angle of 110 deg, and an outer arc angle of 15 deg. The samples were well lubricated with zinc stearate, and ECAP was performed at room temperature for up to 10 passes. More details about the ECAP process and the used die design can be found in previous papers. [30, 31] After ECAP, disk-shaped samples with a diameter of 10 mm and thickness of 1.5 mm were machined from the steady state zone in the ECAP-processed bar [32] for use in subsequent HPT processing. The HPT processing was carried out by 5 revolutions at room temperature and a speed of 1 rpm. The applied pressure was 8 GPa, using as semi-constrained HPT die, [13] with a total depth of 1 mm and a diameter of 10 mm. The as-cast Al samples were also processed by HPT in order to compare the effects of ECAP, HPT, and ECAP + HPT processing on the microstructure evolution and mechanical properties.
Microstructure observations after ECAP, HPT, and ECAP + HPT were carried out by means of scanning electron microscopy (SEM) with electron backscatter diffraction (EBSD) to measure grain size, grain shape aspect ratio (GAR), and grain boundary misorientation angles and to produce grain boundary maps. A 3-dimensional Total Analysis System (Dual Beam FIB) equipped with EBSD (Link EDAX system) and associated software (OIM 4.5) was used.
Step sizes from 20 to 40 nm were used in the mapping process. Figure 1 shows the measuring planes for EBSD for the different SPD processes.
The EBSD specimens were prepared by grinding using up to 4000 SiC emery papers, followed by polishing with alcohol and diamond paste suspensions to mirror-like surfaces. The specimens were further polished using mixtures of colloidal silica and ethanol for 1 hour in order to obtain a very shiny polished surface. The microstructure observations were made through examinations of the area in the mid-radius distance (2.5 mm from the sample center).
All points with a confidence index (CI) lower than 0.1 were cleaned in order to use more reliable and correct data during the EBSD microstructure analysis. [33] Also, the misorientation angles of less than 2 deg were excluded from the EBSD data analysis. [34] Moreover, the grains sizes under a value of 5 times the step size were excluded from the grain size calculations. The calculation of the non-indexed areas in the HPT and the ECAP + HPT workpieces was performed using ImagePro plus Ver.4.5.29 software.
The samples before and after the SPD processes were carefully ground and polished to a mirror-like surface. Hardness was measured on the planes shown in Figure 1 using a Mitutoyo microhardness tester equipped with a Vickers indenter under an applied load of 100 gf and dwell time of 15 s. The measurements were recorded on the surface of each disk following a regular grid pattern with a spacing of 0.5 mm between each separate point. The individual values of the Vickers hardness HV were then plotted as color-coded contour maps depicting the variations in the local microhardness across the surface of each sample. A regular grid pattern with a spacing of 0.5 mm between two separate hardness measuring points was used. A total of 317 measurements were made across the sample and their average value was taken as the average microhardness value of each condition. The standard deviation r of the 317 measurements was calculated in order to assess the deformation inhomogeneity index of the different SPD processes from the following equation.
where H i , Hav, and N denote the microhardness value at each point of measurement, the average microhardness of the whole set of points of measurement, and the total number of measurements, respectively. The tensile test was conducted up to failure at room temperature using a UNITECH Microload system machine operated at a constant strain rate of 8.33 9 10 À3 s
À1
. Microtensile samples of a dog bone shape with 1.5 mm gage length were cut from the sample in the same plane of the steady state zone along the longitudinal axis as in a previous study.
[ 21] The tensile samples were cut using a wire cutter followed by polishing of both sides of the sample to a mirror-like surface. The tensile test was repeated three times for each condition. The fracture surface morphology of the tensile samples was examined using a field emission scanning electron microscope (FE-SEM), model JEOL JSM-6330F, at a voltage of 15 KeV.
III. RESULTS AND DISCUSSION
A. Microstructure Evolution Figure 2 shows color-coded orientation maps of the Al-1080 specimens processed by ECAP, HPT, and ECAP + HPT. The grain colors correspond to the orientations in the unit triangle, as shown in Figure 2 . In Figure 2 (a), showing the Al-1080 specimen after ECAP, the grains appear to be mixtures of elongated and approximately equiaxed grains. After HPT, the grains were observed to be more equiaxed than those in the ECAP specimen, as shown in Figure 2 (b). This difference in the shape of the grains in the ECAP and HPT specimens can be attributed to the difference in the method of applying deformation loads in each case. The subsequent HPT processing in the ECAP-processed samples transforms the elongated grains, in Figure 2 (a), to more equiaxed grains, as shown in Figure 2 (c). Moreover, it is seen that the grains after ECAP + HPT become more equiaxed than those processed by HPT only. For further investigation of the effect of the different SPD processes on the grain shape, GARs were measured. Figure 3 shows the GAR distribution of the Al-1080 processed by ECAP, HPT, and ECAP + HPT. The average GAR in Al-1080 after ECAP was 0. 45 . Approximately 66 pct of the grains have a GAR under 0.5, as shown in Figure 3 (a). It is interesting that the same GAR values were obtained in the HPT sample. The average GAR and the ratios of the grains with GAR values below 0.5 were 0.45 and 63 pct, respectively, as shown in Figure 3 (b). In the ECAP + HPT samples, the average value of the GAR increased up to 0.49 and the ratio of grains with a GAR value below 0.5 decreased to 58 pct, as shown in Figure 3 (c). The average value of the GAR in the ECAP + HPT specimens is 9 pct higher than those obtained in the ECAP or HPT samples. Moreover, the maximum GAR value in the ECAP + HPT sample was 0.96, which is higher than the maximum value (0.8) in the ECAP and HPT specimens. Hence, the application of HPT to the ECAPprocessed sample transforms the elongated grain shape into equiaxed grains with a higher GAR than those observed in the ECAP and HPT samples. It can be observed in Figure 3 that all the GAR distributions are bimodal. The GAR values are distributed from 0.1 to 0.8 in the ECAP and HPT samples and from 0.2 to 0.8 in the ECAP + HPT sample. That is, the grains in the ECAP and HPT samples are more elongated, and the grains in the ECAP + HPT sample are more equiaxed. Figure 4 shows grain size distributions of the Al-1080 processed by ECAP, HPT, and ECAP + HPT. The average grain size of the Al-1080 processed by ECAP was 0.68 lm. Approximately 82 pct of the grains are under 1 lm in size with a wide range of grain size from 0.25 to 6 lm, as shown in Figure 4 (a). The average grain size and the percentage of grain size larger than 1 lm in the present work are similar or even finer than those obtained in previous works involving ECAP-processed Al-1050 and Al-1060. [24] [25] [26] [27] In the HPT-processed Al-1080, the average grain size was 0.58 lm, as shown in Figure 4(b) . Approximately 92 pct of the grains are under 1 lm in grain size with a grain size range of 0.25 to 1.7 lm. The average grain size value after HPT in the present work was very close to that observed in previous works: 0.8 and 0.5 lm in the HPT-processed Al 99.7 pct and Al-1050, respectively. [28, 29] The average grain size in the HPT-processed Al-1080 was 15 pct finer than that in the ECAP-processed samples. Similar results were observed through a comparison between the grain size of the Al-1050 processed by ECAP [24] [25] [26] [27] and HPT. [29] The average grain size in the HPT Al-1050 [29] was finer by 200 to 300 pct and by 70 pct than those in the samples processed by ECAP up to 8 and 16 passes, respectively. [24, 27] The finer grain size obtained in HPT than that in ECAP is due to substantially higher pressure and strain during HPT in comparison with ECAP. [13, 35] In the SPD processes, both the high strain and enhanced hydrostatic pressure are important for the formation of nanocrystalline/UFG structures by inducing the formation of non-equilibrium grain boundary structures accompanied by an extremely large number of deformation-induced defects. [13, 35] The hydrostatic pressure generated by constraints of the SPD tools not only imposes ultrahigh strains without fractures but also affects intrinsic materials' properties such as the flow stress, through the work which is necessary to generate the excess volume of deformation-induced dislocations and vacancies against the external hydrostatic pressure. [36] [37] [38] [39] According to recent works for the HPT of Al6061 under different applied loads and the number of revolutions, [36] both the pressure and plastic strain are effective for grain refinements, but the plastic strain was more effective. It is generally known that hydrostatic pressure does not influence plastic deformation of solid (pressure-independent) von Mises materials. It can generate local elastic deformation, but elastic deformation would not affect the microstructural evolutions and grain refinements by SPD. Hence, we ignore the local microstrains. Figure 4(c) shows the grain size distribution of the Al-1080 deformed by ECAP + HPT. It is interesting that the average grain size, 0.58 lm, in the ECAP + HPT sample is equal to that in the HPT sample. Also, approximately the same grain size range, 0.25 to 1.8 lm, was noted. That is, the pre-HPT thermomechanical treatment has less influence on the average grain size (0.58 lm) of the HPT-processed samples. However, it should be noted that even though the average grain sizes detected in EBSD were the same for the casting + HPT and ECAP + HPT-processed samples, as 0.58 lm, the hardness was higher in ECAP + HPT-processed samples. The higher hardness and more non-indexed area in the ECAP + HPT sample from EBSD could explain why the ECAP + HPTprocessed sample has more grains smaller than 100 nm which EBSD cannot detect. After the application of the HPT, the average grain size decreased by 15 pct. A similar decrease of the average grain size was noted after the addition of HPT to the ECAP-processed Ti and Ni samples. [17] [18] [19] [20] Figure 5 shows the grain boundary maps of Al-1080 processed by ECAP, HPT, and ECAP + HPT. HAGBs (misorientation angle >15 deg) and low angle grain boundaries (LAGBs: misorientation angle <15 deg) are drawn in blue and red, respectively. It can be observed that 78 pct of the grain boundaries are HAGBs after ECAP, as shown in Figure 5(a) . Meanwhile, 88 pct of the grain boundaries have HAGBs in the HPTand ECAP + HPT-processed specimens, as shown in Figures 5(b) and (c). It was noted that the addition of HPT after ECAP increases the percentage of HAGBs by 12 pct compared to that in the ECAP-processed sample. Figure 6 shows the grain boundary misorientation angle distributions. There are peaks in the LAGB region in the ECAP sample, as shown in Figure 6(a) . A significant amount of the LAGBs in the ECAP sample changed into HAGBs after subsequent HPT, as shown in Figure 6 (c). The average value of the grain boundaries' misorientation angle increased from 33.2 deg after ECAP up to 37.2 deg after ECAP + HPT, which is slightly higher than the value (36.9 deg) for the single HPT-processed sample. A similar increase of the HAGB ratio after HPT of the ECAP-processed Ni samples was also observed, [20] : from 60 pct after ECAP to 70.7 pct after subsequent HPT. Interestingly, the ratio of HAGBs after single HPT was 68.1 pct, [20] which is close to that in ECAP + HPT, correlating well with the results in the present work.
The present results indicate that subsequent HPT of the ECAP-processed Al-1080 sample can change the grains into more equiaxed grains with finer grain sizes and more HAGBs. However, the degree of grain refinement in ECAP + HPT was limited to a grain size similar to that in the case of single HPT. Figure 7 shows color-coded maps of the microhardness distribution in samples of as-cast Al-1080 and after forming by ECAP, HPT, and ECAP + HPT. In the as-cast Al-1080 sample, the microhardness distribution was almost homogeneous across the sample area, varying between 25 and 31 HV. The average microhardness and standard deviation, indicated by the error bar (inhomogeneity index), in the as-cast Al were 27.5 ± 0.2 HV and 1.59 HV, respectively, as shown in Figure 8 .
B. Mechanical Properties
After ECAP, the microhardness distribution is homogeneous across the sample area, showing that the difference between the max and min values is less than 5 HV, as shown in Figure 7 (b). Moreover, there was no low microhardness area in the center of the sample, whereas such an area was observed in the case of the HPT of Al-1050 [29, 40] , as will be discussed later. The microhardness standard deviation was 1.57 HV, as shown in Figure 8 . This means that the homogeneity after the ECAP passes was approximately the same as that in the as-cast Al sample. The average microhardness after ECAP was observed to be 60.8 ± 0.2 HV, as shown in Figure 8 . This microhardness value is 2.22 times the hardness of the as-cast sample. The increase of the average microhardness is attributable to a decrease of the grain size from 470 ± 2 lm in the as-cast case down to 0.68 lm after ECAP. [41] Increased dislocation density may also be the reason for the increased hardness and strength r after ECAP, following the Taylor equation. [42, 43] 
where a is a constant, G is the shear modulus, b is the length of the Burgers vector of dislocation, M is the Taylor factor, and q is a dislocation density. Similar observations of an increase of microhardness due to grain refinement during ECAP were noted for Al-1050 and Al-1060. [24, 25, 27] The microhardness distribution of the Al-1080 sample after HPT is shown in Figure 7(c) . A low microhardness value area with a diameter of 4 mm in the sample center is notable. The microhardness increases with the radius: from 57.3 HV in the center to 67.9 HV at the edge. Similar observations were noted after HPT of Al-1050. [29, 40] The difference in the microhardness values between the sample center and edge is due to the difference in the imposed strain along the sample radius. [13] Even though the Al compositions and HPT processing conditions in the present and previous works were different, interestingly, almost the same value of microhardness difference between the sample center and edge (~11 HV) was obtained in previous works [29, 40] and the present study. The microhardness standard deviation in HPT was 2.78 HV, as seen in Figure 8 , which is similar to that (2.56 to 2.1 HV) in Al-1050. [16, 27] The average microhardness in the HPT sample was 3 pct higher than that in the ECAP-processed sample, as shown in Figure 8 . Similar observations were also noted through a comparison between the microhardness values of Al-1050 after ECAP [11, 14] and HPT. [16, 27] It was observed that the average microhardness values were 64.1 and 70.5 HV for HPT under 3 GPa for 5 and 16 revolutions, respectively. On the other hand, the average microhardness values were 60 HV and 64 HV for ECAP-processed Al-1050 by route Bc up to 8 and 16 passes, respectively. That is, the average microhardness values in the HPT sample were 3 to 10 pct higher than those in the ECAP sample. This increasing ratio was very close to the increase in the present work. The difference between the microhardness values in the ECAP and HPT samples is due to the finer grain size and/or higher dislocation density in the HPT sample, as discussed in the microstructure section.
The effect of the combination of ECAP and HPT on the microhardness distribution is shown in Figure 7(d) . A low microhardness area in the center of the ECAP + HPT sample was noted as in the HPT sample. However, the diameters of the low microhardness central areas are 4 mm in the HPT sample and 1 mm in the ECAP + HPT sample. It was also observed that approximately 85 pct of the sample area has microhardness values close to the average value of 72.25 ± 0.3 HV. The microhardness standard deviation value in the ECAP + HPT was 1.95 HV, as shown in Figure 8 . Hence, it can be concluded that the ECAP + HPT sample is 60 pct more homogeneous than the HPT sample. On the other hand, the application of HPT to the ECAP-processed sample increases its inhomogeneity index value by 24 pct. The same trend of an increase of the microhardness inhomogeneity index was observed in HPT + ECAPprocessed Cu samples. [10] The standard deviation value increased from 1.78 HV in the ECAP sample to 13.8 HV in ECAP + HPT sample. Although these observations show deterioration in the deformation homogeneity after the application of HPT to the ECAP-processed samples, the obvious increase in the microhardness value after applying HPT to the ECAP-processed samples should be stressed, i.e., the application of HPT after ECAP increases the average microhardness value by 20 pct. Similar observations of an increase of the average microhardness after ECAP + HPT were found in Ti and Cu systems: 32.8 and 21 pct increases in Ti and Cu, respectively. [6, 10] Although the average grain sizes detectable using EBSD in the HPT and ECAP + HPT samples are almost the same, the average microhardness value in the ECAP + HPT sample is 16 pct higher than that in the HPT sample. The difference between the two cases is related to the black areas in the color-coded orientation maps shown in Figures 2(b) and (c) , which indicate the non-indexed areas (points) in EBSD. Figure 9 shows color-coded orientation maps for the HPT and ECAP + HPT samples obtained using Image-Pro plus Ver. 4.5.29 software. The indexed and non-indexed areas are indicated by red and black colors, respectively. The image processing calculations indicate that 31.3 and 38.3 pct of the color-coded orientation maps areas are non-indexed areas in the HPT-and ECAP + HPTprocessed samples, respectively. Non-indexed data areas on the well-prepared specimen surface in EBSD images are the points where collected Kikuchi diffraction patterns do not produce proper data because the pattern quality is too poor to analyze due to severely deformed regions, inclusions, pits, etc. Alternatively, the software may not be able to distinguish between overlapped patterns at the grain, sub-grain, or phase boundaries. [20, 21] Moreover, the minimum grain size that EBSD can detect in Al is 0.1 lm [20] because the minimum detectable grain size is equal to 5 times of the EBSD step size (please remember that the step size in our EBSD analysis was 20 nm). Hence, the non-indexed data points in the present work result from the two possibilities: (i) high dislocation density due to the severe plastic deformation and/or (ii) very fine grains which cannot be detected by EBSD. In any case, the specimen having more non-detectable areas has higher strength if the average grain sizes are the same. Hence, the consequent increase of overlap between the strain fields of adjacent dislocations gradually increases the resistance to further dislocation motion, which causes more hardening of the metal as deformation proceeds. As the ECAP + HPT samples have more dislocations, more hardening occurs and hence higher hardness/strength values were obtained in comparison with the single HPT case. Recently, similar observations of the effect of dislocations in strengthening of Al-1050 were reported [40] through an experimental work and modeling, where it was shown that dislocations account for more than 90 pct of the increase in the hardness/strength of Al-1050 during HPT.
True stress strain curves of the as-cast Al-1080 and after forming by ECAP, HPT, and ECAP + HPT are shown in Figure 10 . The ultimate tensile stress (UTS) increased from 99.9 MPa in the as-cast Al-1080 up to 201, 207.3, and 216.5 MPa after ECAP, HPT, and ECAP + HPT, respectively. The increase of UTS after the different SPD processes is attributed to grain refinement and an increase of the dislocation density. Similar observations of an increase of UTS due to grain refinement during ECAP were reported for Al-1050 and Al-1060. [24, 25, 27] It was observed that the UTS in the HPT sample was 3 pct higher than that in the ECAPprocessed sample. Interestingly, this is the same percentage observed through a comparison between the microhardness values in the HPT and ECAP samples. The higher value of UTS in the HPT sample than in the ECAP sample is due to the finer grain size and likely higher dislocation density in the HPT sample. The UTS of the ECAP + HPT sample is 8 and 5 pct higher than the UTS values of the ECAP and HPT samples, respectively. The higher values of UTS for the ECAP + HPT case as compared to the ECAP and HPT cases are also attributed to the likely finer grain size (although the detectable average grain sizes are the same) and greater amount of dislocations observed in the case of ECAP + HPT. Similar improvements in the UTS of ECAPprocessed metals after subsequent HPT were reported for Ti, Ni, and Cu [17] [18] [19] 21] , where the UTS increased by 2.3 to 35.2, 20, and 20 pct after a combination of ECAP + HPT of ECAP-processed Ti, Ni, and Cu, respectively. The 0.2 pct proof strength of the ECAP + HPT sample is 8 and 7 pct higher than those of the ECAP and HPT samples, respectively. The tensile elongation decreased from 44 pct in the as-cast Al-1080 to 18 pct after ECAP. In the HPT sample, the elongation was 28, which is 56 pct higher than that in the ECAP case. The combined process, ECAP + HPT, was effective in terms of improvement of the elongation of the ECAP-processed sample with elongation increasing up to 28 pct after the additional application of 5 revolutions of HPT. The higher elongations in the HPT and ECAP + HPT samples result from the higher ratios of the HAGBs and the average misorientation angles as compared to those in the ECAP sample. An increase of the elongation after additional HPT to the ECAP-processed samples was also observed in Ti and Cu. [17, 18, 21] Therefore, from the observations of the tensile properties, it can be concluded that the combined process, ECAP + HPT, is an effective means of improving the ductility and strength of the ECAP sample. Figure 11 shows the FE-SEM fractographs of the tensile fracture surface morphologies of as-cast Al-1080 and that deformed by ECAP, HPT, and ECAP + HPT. The tensile fracture surface of the as-cast Al-1080 shows a ductile fracture mode with deep dimples, as seen in Figure 11 (a). The dimple size (diameter) in the as-cast Al-1080 is in a range of 176 to 180 lm. The tensile fracture surface after ECAP in Figure 11 (b) shows a ductile fracture mode with a shallow and decreased size (3.5 to 0.5 lm with average of 2.93 lm) and a uniform distribution of dimples across the fracture surface. The reduction of the dimple size across the fracture surface in the ECAP sample can be attributed to the reduction of the grain size during ECAP, as in other Al systems. [44] [45] [46] The tensile fracture surface of the HPTprocessed Al-1080 in Figure 11 (c) shows more obvious ductile fracture features, i.e., larger, deeper, and more homogeneously distributed dimples, than those observed in the ECAP sample. The dimple sizes after the HPT were from 0.6 to 16.8 lm, with an average size of 3.56 lm. The reduction of the dimple size across the tensile fracture surface can be attributed to the reduction of the grain size during the HPT process. The tensile fracture surface in the ECAP + HPT sample in Figure 11 (d) shows larger, deeper, and more uniformly distributed dimples than the small and shallow dimples in the ECAP sample. The dimple sizes after the ECAP + HPT were from 0.4 to 8 lm, with an average size of 3.75 lm. These dimple results are in agreement with the tensile properties ( Figure 10 ) in that the ECAP + HPT samples have higher ductility and strength than the ECAP and HPT samples.
IV. CONCLUSIONS
Through an investigation of the effects of a combination of ECAP and HPT on the evolution of the microstructure and on the mechanical properties of Al-1080, the following conclusions were drawn:
1. The Al-1080 samples were successfully deformed with the different SPD processes. Average grain sizes of 0.68, 0.58, and 0.58 lm were obtained in the ECAP-, HPT-, and ECAP + HPT-processed samples, respectively. 2. ECAP + HPT was effective in allowing a further decrease in the grain size and an increase in the ratio of the HAGBs of the ECAP-processed samples (by 15 and 12 pct, respectively). 3. Although the grain sizes in the case of the HPT and the ECAP + HPT samples were equal, the ECAP + HPT sample has more dislocations than the HPT sample. 4. The deformation homogeneity based on the hardness distribution after ECAP + HPT was lower than that in the ECAP sample. 5. ECAP + HPT increases the hardness, tensile strength, and ductility of the ECAP-processed sample by 20, 8, and 56 pct, respectively. 6. Ductile tensile fracture surface morphology was observed in Al-1080 before and after deformation by the different SPD processes. The dimple size was affected by the deformation process.
